Adjusting soybean [Glycine max (L.) Merrill] density can be critical to reduce inter-plant competition for water, nutrients, and sunlight, and to increase intercepted radiation, photosynthesis, and biomass production. The objective of this study was to evaluate the effects of soybean-population density on soybean nodulation, plant nutrient status, yield, and grain quality. Three field experiments were performed in southern Brazil with soybean cultivar BRS 284, of indeterminate growth type and maturity group 6.6, at 80,000 and 320,000 plants ha -1 . For N supply plants were dependent either largely on biological fixation of atmospheric N-with a naturalized population of Bradyrhizobium or inoculated with Bradyrhizobium japonicum strain CNPSo 2050-or largely on N fertilizer-200 kg N ha -1 , split-applied at sowing and R1 growth stage. The lower plant density resulted in increased nodulation parameters (number and mass), but plant nutritional status-evaluated by the diagnosis and recommendation integrated system (DRIS) method-in general was not affected. Seed oil content increased by 3.4%, but protein decreased by 4.5% at the lower plant density. The N source affected nodulation, but not nutritional status or grain yield. Although plant density was reduced by 75%, yield decreased by 16% during only one of the three cropping seasons. These results indicate a high plasticity of soybean to adapt photosynthesis and N fixation to different plant densities. Furthermore, planting at the lower density has the advantages of lower input costs and less susceptibility to environmental and plant nutritional stresses.
On a dry-weight basis, about 40% of the grain of soybean is composed of protein, resulting in high demand for N, most of which can be provided by the biological N fixation (Hungria et al., 2006a (Hungria et al., , 2006b . A major step in the soybean-Bradyrhizobium symbiosis is the translocation of C-rich compounds, generated by photosynthesis, to provide energy and C skeletons for the synthesis of N-rich compounds in the root nodules that, in turn, are transported to the host plant shoot (Williams et al., 1982; Neves and Hungria, 1987; Kaschuk et al., 2009) . Under favorable cropping conditions, both photosynthesis and biological N fixation are reciprocally up-regulated to support soybean's demand on C and N needs (Kaschuk et al., 2010a; Kaschuk et al., 2012) , such that not only higher yields but also higher grain protein are produced when legumes rely on symbiosis (Hungria et al., 2006b; Kaschuk et al., 2010b) .
Sun light quality and quantity directly affect photosynthesis and impact yield. In soybean, the most critical stage is from flowering to the middle of the reproductive cycle or even later; high growth rates during this period increase the number of seeds per pod and plant and hence optimize crop yield (Andrade et al., 2002) . From flowering on, if availability of light in the lower part of the canopy is low due to mutual shading by other plants, abscission of flowers and developing pods can be high, reducing yield (Johnston et al., 1969) . Qualitative changes in the ratio of red to infrared light through the canopy also affect photosynthesis (Kasperbauer, 1987) , regulating the ultrastructure of chloroplasts, partitioning of carbohydrates into the cells, photosynthetic efficiency and the concentrations of several metabolites (Kasperbauer, 1987) . It is also noteworthy that the light intensity and quality can affect partitioning of protein, oil, and fatty acids in soybean seeds (Bellaloui and Gillen, 2010) .
Light quality and quantity also affect several steps of the symbiosis (Lie, 1969; Balatti and Montaldi, 1986; Neves and Hungria, 1987) . Starting with the rhizosphere, light modifies root exudation both quantitatively and qualitatively (Neumann and Römheld, 2000) , affecting rhizospheric microorganisms. Red-light-treated plants also allocate more photosynthates to the roots (Kasperbauer et al., 1984; Kasperbauer, 1987) , promoting nodule number. In addition, changes in the red to infrared ratio affect the onset of nodule formation (Lie, 1969) .
The effects of plant density represent an intriguing subject for a study, potentially with profound implications for farmers' profits. High plant density for soybean is often recommended to achieve high yields, and in Brazil most farmers adopt the density of 300,000 plants ha -1 . However, decreased seeding rates may result in lower sowing costs, reduced competition for water, nutrients, and sunlight and increased radiation penetration to lower branches, altogether improving yield and farmer´s income (Board et al., 1990 (Board et al., ,1992 de Luca and Hungria, 2014) . It is also important to consider that soybean seed cost accounts for 10 to 13% of overall costs of soybean production in Brazil (CONAB, 2014) , and any agronomical practice that decreases cost production without affecting productivity on a land area bases should be considered for an efficient farm planning.
The aim of this study was to evaluate the effects of reducing plant density on nodulation, plant nutrition, yield, and quality of soybean seeds. The hypothesis was that, by reducing planting density there will be compensatory changes in the photosynthetic and biological N fixation processes that may positively impact per plant and total yields.
MATERIALS AND METHODS

Field Site Description and Procedures before Sowing
The experiments were performed for three consecutive cropping seasons-2010/2011, 2011/2012, and 2012/2013 -at the experimental station of Embrapa Soja in Londrina, State of Paraná, southern Brazil (23°11¢ S, 51°11¢ W, elevation of 620 m). The soil is classified as Latossolo Vermelho Distroférrico (Brazilian classification system; Typic Hapludox, USDA soil taxonomy). The average annual temperature is 21°C, with an average high of 28.5°C in February and low of 13.3°C in July. Average annual rainfall is 1651 mm, with 123 d of rainfall per year; maximum rainfall occurs in the summer (JanuaryMarch) and minimum in winter (June-August). According to Köeppen's classification, the climate is subtropical humid (Cfa: humid, subtropical, with hot summers).
Lime was applied to the soil 6 mo before the first experiment, based on the soil chemical analysis, aiming to increase base saturation to 70% (Embrapa, 2011) .
About 40 d before sowing, 20 soil subsamples were collected from the 0-to 20-cm soil layer. Each set of 20 soil subsamples was combined into one composite sample, and four composite samples were taken for chemical, granulometric, and microbiological analyses.
For chemical analysis (Pavan et al., 1992) , samples were ovendried (60°C, 48 h) and sieved (2 mm). Soil pH was determined in 0.01 M CaCl 2 (1:2.5; soil/solution) after 1 h shaking. Calcium, Mg, and Al contents were determined in 1 M KCl (1:10; soil/solution) extracts after 10 min shaking. Phosphorus and K contents were determined in Mehlich-1 extract (0.05 M HCl + 0.0125 M H 2 SO 4 ; 1:10 soil/solution) after shaking for 10 min. Aluminum was determined by titration with 0.015 M NaOH, with bromothymol blue as indicator. Calcium and Mg concentrations were determined in an atomic absorption spectrophotometer, K in a flame photometer, and P by colorimetry, by the molybdenum blue/ascorbic acid method. Carbon was determined by dichromate oxidation. Soilchemical characteristics are presented in Table 1 .
Soil granulometric fractions were determined according to Embrapa (1997) and consisted of (g kg -1 ): 710 (clay), 82 (silt), 208 (sand) .
Soybean bradyrhizobia population was estimated by the most probable number (MPN) method using soybean cultivar BRS 284 as trap host (Vincent, 1970) , and the results for each year are shown in Table 1 .
Treatments, Experimental Design, and Crop Management
The experiments consisted of six treatments, applied at the same site for three cropping seasons, as follows: (i) Noninoculated (naturalized population of Bradyrhizobium), 80,000 plants ha -1 (T1); 2) Non-inoculated (naturalized population of Bradyrhizobium), 320,000 plants ha -1 (T2); 3) Non-inoculated control + N fertilizer, 80,000 plants ha -1 (T3); 4) Non-inoculated control + N fertilizer, 320,000 plants ha -1 (T4); 5) Inoculated with Bradyrhizobium japonicum strain CNPSo 2050, 80,000 plants ha -1 (T5); 6) Inoculated with B. japonicum strain CNPSo 2050, 320,000 plants ha -1 (T6).
The experiment had a completely randomized block design, with six replicates. Each plot measured 4 m in width by 10 m in length. Plots had eight lines, with 0.5 m between lines. Sowing was performed to deliver 8 seeds m -2 + 10% (considering the seed germination rate of 90%) in the 80,000 plants ha -1 density and 32 plants m -2 + 10% in the treatment with 320.000 plants ha -1 ; population densities were confirmed after germination. The plots were separated by 0.5 m-wide rows and 1.5 m-wide terraces to avoid cross contamination from surface flushes containing bacteria and/or fertilizers caused by heavy rainfall. The cultivar used was BRS 284 (genealogy Mycosoy-45 × Suprema), of indeterminate growth type and maturity group 6.6. Dates of sowing were 3 Nov. 2010, 9 Nov. 2011, and 29 Oct. 2012. At sowing, 300 kg ha -1 of fertilizer, with the formulation 0-20-20, were applied in bands in the sowing line.
Inoculated treatments received a liquid inoculant prepared with B. japonicum strain CNPSo 2050, an isolate from Cordoba's region, Argentina. A peat inoculant was prepared at the concentration of 10 9 CFU g -1 and applied to supply 1.2 million cells seed -1 . Seeds were not treated with fungicides or insecticides. Non-inoculated treatments (with the naturalized population of Bradyrhizobium, as the soil had received inoculants in previous years) without and with N fertilizer were included; the latter consisted of 200 kg ha -1 of N as urea, 50% at sowing and 50% as topdressing at the R1 growth stage (beginning of flowering, that is, plants with at least one flower on any node, Fehr et al., 1971) .
At the V4 stage (four unfolded trifoliolate leaves, scale of Fehr et al., 1971 ) Co (2.5 g ha -1 ) and Mo (20 g ha -1 ) were supplied by leaf pulverization. During plant growth cycle, the following products were used: herbicides Clorimuron (50 g ha -1 ) and Cletodim (0.4 L ha -1 ); insecticides Diflubenzuron (80 g ha -1 ), Thiametoxam + Lambdacihalotrina (200 mL ha -1 ).
The experiments were not irrigated, and water was provided only by natural rainfall.
Plant Analyses and Statistics
At the R1 growth stage, plants were evaluated for nodulation and nutrient content. For nodulation, eight plants per replicate were randomly collected, excluding the central area (8 m 2 ) of the plot that was left for grain yield-evaluation at physiological maturity. Plant collection was carefully performed with a shovel to include most of the root system and fallen nodules.
In the laboratory, roots and shoots were separated, and nodulated roots were carefully washed and oven-dried at 65°C for approximately 72 h. Nodules were then removed from roots and allowed to dry for another 72 h before counting and weighing. The parameters evaluated for nodulation were number of nodules per plant, dry weight per nodule, and nodule dry weight per plant.
Also at the R1 growth stage, 30 recently matured leaves with petioles were collected per plot to evaluate plant nutrient status. At the laboratory the leaves were carefully washed with distilled water, oven dried (65°C for approximately 72 h) and ground (35 mesh). Total-N content was determined in a sulfuric acid extract, while P, K, Ca, Mg, and S were determined in a nitric-perchloric extract. The nutritional status was evaluated by applying the DRIS method (Beaufils, 1973) . The C content was determined in a total organic carbon (TOC) analyzer (Elementary model Cube).
Further analyses performed in the same 30 recently matured leaves with petioles collected at the R1 stage included (mmol kg -1 dry weight): ammonium, amide, nitrate, ureides and total nitrogenous compounds (ammonium + amide + nitrate + ureides), performed as described before (Boddey et al., 1987; Hungria and Kaschuk, 2014) .
At physiological maturity, plants in the 8 m 2 central part of each plot were harvested. Parameters estimated were grain yield (corrected to 13% moisture content), dry weight per grain and number of grains per plant.
Oil and protein contents in grains were also determined. Lipid content (oil) was determined in milled grains (Tecnal, model TE-651) in a Soxhlet extractor (Tecnal, model sebelin TE-188), using n-hexane as solvent and following the methodology of Instituto Adolfo Lutz (2008) . Protein content was evaluated in a NIR analyzer Thermo brand (model FTIR Antaris II).
The data were analyzed using the Infostat software (Di Rienzo et al., 2009 ). All assumptions required by the analysis of variance were verified. Means were compared using Fisher's test at p < 0.05.
RESULTS AND DISCUSSION
Nodulation, Nitrogenous Compounds, and Carbon Content in Leaves Nodule number and dry weight were higher in the low plant density treatment, of 80,000 plants ha -1 , with both the naturalized soybean bradyrhizobia soil population (T1) and in the treatment inoculated with B. japonicum strain CNPSo 2050 (T5); in addition, as expected, nodulation was substantially reduced by the addition of N fertilizer (Table 2) . Considering the average of treatments T1 and T5, nodule number and dry weight were 52 and 24% higher, respectively, than the average of the treatments with high plant density, T2 and T6. However, specific dry weight per nodule was higher in the high plant density treatments (Table 2) , probably reflecting a compensatory mechanism for the lower number of nodules.
Plant density and architecture affect the quantity and quality of light available to the lower canopy, with consequences for nodulation. First, light availability and photosynthesis are directly related to the amount of C available for nodule formation . Qualitatively, it has been long shown that nodulation is controlled by the phytochrome system, being favored by red light (R) and inhibited by infrared radiation (IR) (Lie, 1969; Balatti and Montaldi, 1986) . Recently, it was confirmed that phytochrome B (phyB) is part of a monitoring system that detects suboptimal light conditions (Suzuki et al., 2011) . In Lotus japonicum phyB mutants, nodulation by Mesorhizobium loti was significantly reduced and, in the same study, nodulation of wild-type plants was dramatically reduced when exposed to low R/IR ratio. In addition, the synthesis of jasmonic acid (JA) decreased in phyB mutants and also under low R/IR conditions. Altogether, these results suggest that JA is a positive regulator of nodulation in L. japonicum, being photomorphogenetically controlled by sensing the R/IR ratio (Suzuki et al., 2011) . Supporting these results, in the soybean-Bradyrhizobium symbiosis it has been shown that increases in methyl jasmonate result in higher nodulation (Mabood et al., 2006) . Consequently, we may hypothesize that, in our study, low ratios of R/IR under high plant density were perceived by the phytochrome B and reduced the expression of JA-related genes, resulting in decreased nodulation. In relation to the N compounds in recently matured leaves (collected according to the procedures specified for the DRIS analysis), for ammonium, amide and nitrate no differences were related to plant density (Table 3) . Lower values were found in the non-inoculated plants, and nitrate content was higher in N-fertilized plants at low density. In contrast, N-ureides were about 100% higher under high density, whereas total-N values were higher in N-fertilized plants, independently of the plant density (Table 3) .
One hypothesis for the higher N-ureides contents in plants under high population density is that the decrease in light density and the low R/IR ratio accelerated senescence in the lower canopy and favored remobilization to the upper leaves. Indeed, visual observation was that senesced leaves in the lower canopy were far more abundant under high density. Senescence can occur in the whole plant, at the organ and at the cellular levels, and light-mediated by phyB-is one of the specific signals affecting plant senescence (Ballaré and Casal, 2000) . This process could be orchestrated with the up-regulation of gene expression of xanthine dehydrogenase (XDH), a key enzyme in the synthesis of ureides. In Arabidopsis, it has been shown that XDHs also produce superoxide radicals, which may be involved in stress responses that require reactive oxygen species (Juvany et al., 2013) . Therefore, increases in activity of XDHs may result in more ureides under high population density, representing an additional source of reactive oxygen species and helping in the photooxidative stress observed in lower leaves.
For all three cropping seasons, shoot dry weight (data not shown) and C contents in leaves were higher in the N-fertilized plants with 80,000 plants ha -1 , suggesting higher photosynthetic rates (Table 3) . In 2011/2012 the plants suffered with severe drought, with the water deficit estimated at 132 mm from sowing to R1, whereas in 2010/2011 and 2012/2013 rainfall was in a normal range (data not shown). In the year with drought stress, photosynthetic rates were reduced and so was C content in leaves; C was lower in 2011/2012 (mean of 39.0% for all treatments) than in 2010/2011 (40.3%) and 2012/2013 (40.5%).
Nutritional Diagnosis
Based on the DRIS index for nutritional diagnosis, no deficiencies of P, K, Ca, and S were observed, indicating that the status of these elements was not affected by plant density or N treatment; a slight imbalance was observed for Ca only in the T4 treatment, N fertilized and with the high population density (Table 4 ). For Mg, imbalance was observed in all treatments and although without statistical differences, there was a tendency of being more drastic under the high population density (Table 4) .
Intriguingly, DRIS indicated imbalance of N in all treatments (Table 4) , and this was observed in all three cropping seasons (data not shown). Nitrogen imbalance detected by DRIS has been previously reported by Harger et al. (2003) with four soybean cultivars-Embrapa 48, BRS 132, BRS 133, and BRS 134-belonging to different maturation cycles. It is worth mentioning that although N contents in leaves were higher in the dry year of 2011/2012, probably as a result of concentration in a lower biomass of leaves due to the severe drought stress (Fig. 1) , the N deficit detected by DRIS Table 3 . Effects of plant density on the composition of N (mmol kg -1 dry weight) and C content (%) in soybean leaves at the R1 stage. Nitrogen treatments consisted of non-inoculated control, non-inoculated control receiving N-fertilizer (200 kg ha -1 of N supplied as urea, split at sowing and at R1), or inoculated with B. japonicum strain CNPSo 2050. occurred independently of water availability (data not shown). However, we cannot disregard the possibility that the detection of N imbalance could result from limitations in the database. The use of DRIS is relatively recent in Brazil, and there is need to expand the database-comprising more genotypes-with an emphasis on the introduction of genotypes of indeterminate growth type, under different soil and climatic conditions. The sum of DRIS indices generates the nutritional balance index (NBI), and the higher the NBI, the greater is the nutritional imbalance, affecting yield negatively (Serra et al., 2013) . In our study, although some nutritional imbalance was observed, no consistent differences were observed between treatments, but they were observed between the dry season of 2011/2012 and the other two seasons with regular rainfall (Supplementary Fig. S1 ).
Overall, we should note that using DRIS (Table 4) or NBI ( Supplementary Fig. S1 ) plant densities did not affect soybean leaf nutritional balances.
Yield Parameters and Seed Composition
There were no differences in yield among the treatments in the first two seasons (Table 5) , and it is worth mentioning again that 2011/2012 was very dry, resulting in low yields. In 2012/2013 grain yields were higher in the treatments with 320,000 plants ha -1 when compared with the density of 80,000 plants ha -1 , although statistically significantly only in the case of N-fertilized plants. Considering all treatments, high population density resulted in a yield increase of 16% in comparison to the low population density in this crop season. Therefore, these results confirm the high plasticity of soybean, once although there was a fourfold difference in plant population (i.e., 75% reduction), the mean decrease in yield, considering all three cropping seasons, was of 275 kg ha -1 , corresponding to only 10% (Table 5) . Recently, in a field experiment with soybean at densities ranging from 40,000 to 320,000 plants ha -1 , de Luca and Hungria (2014) observed significant decreases in yield only for the very low density of 40,000 plants ha -1 , confirming the high plasticity of the plant to adapt photosynthesis and N fixation to different densities.
Low population density resulted in a 2.6-fold increase in the number of seeds per plant (Table 6 ). Although in general there was a decrease in the dry weight per grain at low population density, considering all treatments the values were similar at 0.116 g per grain with 80,000 plants ha -1 and 0.119 g per grain with 320,000 plants ha -1 (Table 6 ). In relation to the grain composition, the oil contents were higher in treatments T1 and T5 at the low population density, in comparison to treatments T2, T4 and T6 at high density (Table 6 ). The opposite occurred with protein content (Table  6) , indicating an inverse relationship between the percentages of oil and protein in the grains (Pearson's correlation coefficient of -0.23, p < 0.0001). No differences in oil and protein content in grains were related to N treatments (Table 6 ). Similar to our results, Butler et al. (2010) reported an increase in protein and a decrease in oil content in grains of soybean grown under high population density.
A positive correlation between oil content and sugar availability-especially sucrose-in soybean seeds has been long recognized (Hymowitz et al., 1972 ). An increase in photosynthate production stimulated by light provides more ATP and C skeletons for fatty acid synthesis in soybean seeds (Willms et al., 1999) , and, in our experiment, plants under low population density received more light per plant, resulting in an increase in seed oil content.
Contrarily, protein content in seeds decreased at low density, consistent with several reports, again showing that oil and protein contents in soybean seeds are negatively correlated, attributed to the genetically-determined trade-off between the accumulation of protein and lipids in grain legumes (Kwon and Torrie, 1964; Hymowitz et al., 1972; Brim and Burton, 1979) . It has also been known for a long time that protein and oil content in soybean seeds are quantitatively inherited traits, determined by a number of genes subject to genotype × environment interactions (Hwang et al., 2014) . In our study, as light received per plant was far less limiting in the low-density treatments, we may assume that neither the photosynthates nor the nutrients (Table 4) were the limiting factors for the competitive synthesis of protein and oil contents. Therefore, differences should rather be attributed to genetic mechanisms controlling these traits. For decades it seemed impossible to breed for increases in both protein and oil contents; however, recently, in a genome-wide association study (GWAS) with 298 soybean germplasm accessions, Hwang et al. (2014) identified 40 single nucleotide polymorphisms(SNPs) associated with seed protein and 25 for oil content, 7 of which had a significant association with both protein and oil. This knowledge may be useful in future efforts to improve both seed quality characteristics.
CONCLUDING REMARKS
When compared to high density (320,000 plants ha -1 ), plants under the lower density (80,000 plants ha -1 ) resulted in larger soybean nodulation and grain oil, but decreased grain protein content per plant. In general, the plant nutritional status was not affected by population density. Noteworthy was that a 75% reduction in the number of plants per ha resulted in a decrease in grain yield (16%) in only one out of three cropping seasons. Therefore, further studies should focus on rethinking the common recommendation of high plant density, as a decrease in the number of plants can match the performance of traditional cropping systems with lower risks of adverse effects of biotic and abiotic stresses.
